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ABSTRACT
This study investigates whether there are differences in visual acuity when
humans are asked to discriminate foreground from background images using
different colors. In addition, it explores the concept of differences in color acuities
between males and females. There are three different types of cone photoreceptors
in the fovea, all of which have different sensitivities to different wavelengths of
light. In addition, their distribution across the fovea varies in both location and in
number. There are likely other individual differences in human visual systems
related to color acuity and discriminations as well. We hypothesize that males and
females will show a significant difference in their abilities to discriminate
different colors. This new method for measuring color acuity involved using an
"open door" in which participants had to decide if the door was open to the left or
right. Subjects were presented with the open door on an LED computer screen for
up to 4 seconds, before which they were asked to make a selection using the left
and right arrow keys on the keyboard. Using a computer program, this door was
presented in a variety of colors against a variety of background colors. The size of
the opening of the door varied from 1 to 6 pixels, allowing for an “inflection point”
to be found near the middle at which we defined acuity. The study yielded
enough results to conduct a detailed analysis of the acuities of 18 males and 18
females. The averaged results showed that males exhibit slightly better color
discriminating abilities than females in all color combinations analyzed (though
not shown to be statistically significant), and that both genders experienced great
difficulty when discriminating any color combinations with yellow.
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1. Introduction
A. Anatomy of the Eye

Figure 1.1: Basic anatomy of the eye: Transverse section of the adult human eye (Purves, 2001).

The human eye is a complex organ made up of several parts that allows us to transform
light energy to electro-chemical energy through the process of phototransduction.
Beginning with the most superficial structure of the eye, the sclera is a dense fibrous
tissue commonly known as the “white” of the eye. The fibers within this layer are densely
packed collagen and elastic fibers arranged in overlapping bands. The cornea is the
anterior extension of the sclera and is made up of the same materials. The optical power
of the eye is primarily dependent on the curvature of the cornea. The greatest refraction
of light occurs at this surface, as the difference in refractive index between air and tissue
is the greatest. This tough, transparent layer has fine nerve fibers and thus is sensitive to
touch and kept moist by a thin tear film. Aside from the eyelid and eyelashes, this
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structure is the first layer of protection for the eye. The pupil is the area in which light
passes through the eye; illumination on the retina is proportional to the area of the pupil.
The iris regulates the flux of light through the pupil by specialized smooth muscles that
cause either contraction or dilation. The crystalline lens is a convex, transparent, elastic
body fastened to the ciliary bodies by threads. When ciliary muscles are at rest, the lens
tends to be relatively flattened. When ciliary muscles contract, this allows the lens to
become thicker so that the images of near objects are focused on the retina. This process
of changing the shape of the lens is known as accommodation. The retina is the innermost
membrane of the three that make up the wall of the eyeball, consisting of many layers
itself. It contains a dense mosaic of light-sensitive cells, or photoreceptors. This is the
layer at which phototransduction occurs, the process where light energy is converted to
chemical signals that are carried to the brain (Dowling, 1987).

B. Phototransduction and Organization of the Retina
A photoreceptor responds to light by absorbing light quanta in its photopigment and then
converting this event to an electric potential difference. This pigment molecule is known
as rhodopsin, consisting of opsin (a protein) and retinal. It is located in disks that are
stacked on top of one another in the outermost portion of the receptor. They are arranged
perpendicular to light rays, which is an arrangement that is most advantageous for
capturing light. When retinal absorbs a photon, it undergoes isomerization from 11-cis
retinal to all-trans retinal (Clayton, 1971). Rhodopsin thus becomes enzymatically active
and catalyzes the activation of the G-protein transducin. Transducin, in turn, activates the
effector phosphodiesterase (PDE), which hydrolyzes the diffusible messenger cGMP.
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The hydrolysis by PDE at the disk membrane lowers the concentration of cGMP, which
reduces the number of cGMP molecules that are available for binding. The declining
concentrations of cGMP cause the transduction channels to close, decreasing the sodium
current and thus causing hyperpolarization (Figure 1.2).

Figure 1.2: Diagram of phototransduction in rod photoreceptors: (A) the molecular structure of
rhodopsin. (B) The second messenger cascade of phototransduction (Purves, 2001).

An important feature of this biochemical cascade is that it provides enormous signal
amplification; a single light-activated rhodopsin molecule can activate 800 transducin
molecules, approximately 8% of the molecules on the disk surface. As a result, the
absorption of a single photon by a rhodopsin molecule results in the closure of about 200
ion channels, or about 2% of the number of channels in each rod that are open in the dark
(Purves, 2001). Equally as important is the phenomenon of light adaptation, where the
magnitude of amplification is dependent on the level of illumination. At low levels of
illumination, photoreceptors are the most sensitive to light. As levels of illumination
increase, sensitivity decreases, preventing receptors from saturating and thereby greatly
extending the range of light intensities over which they operate.
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When neurotransmitter diffuses across the synaptic cleft upon leaving the photoreceptor,
the signal next reaches bipolar or horizontal cells. The amount of neurotransmitter
released by the photoreceptor is indicative of the amount of illumination. The bipolar
cells make synaptic contact with the dendrites of ganglion cells, where the signal is then
carried to the brain via the optic nerve (Figure 1.3). Both horizontal and amacrine cells
are primarily responsible for lateral interactions within the retina (Hilfer, 1984).

Figure 1.3: Organization of the retina: (A) Section of the retina. (B) Diagram of the basic circuitry of
the retina (Purves, 2001).
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C. Rods and Cones

Figure 1.4: Structural differences between rods and cones: Rods (A) and cones (B) differ in size and
shape, as well as in the arrangement of the disks in their outer segments (Purves, 2001).

Rods and cones differ both structurally and physiologically, namely in the type of opsin
(protein in photopigment) they contain, their distribution across the retina, and the pattern
of their synaptic connections (Figure 1.4). These differences account for their utilization
in different aspects of vision. Rods are extremely sensitive to light but have low spatial
resolution; therefore, they are specialized for sensitivity to light as opposed to acuity.
Cones, on the other hand, are relatively insensitive to light but have very high spatial
resolution. Thus, cones are specialized for acuity and also are responsible for color vision.
One of the reasons for these differences involves the composition of their respective
photopigments. For rods, the photopigment rhodopsin is comprised of an opsin and
retinal, whereas in cones there is another photopigment consisting of a different opsin

5	
  

bound to retinal. There are three different opsins for each of the three types of cones: Lopsin, M-opsin and S-opsin correspond to the L-, M- and S-cone types. It is the opsin’s
structure that determines where in the spectrum the attached retinal absorbs light, which
gives rise to the three different absorption spectra for each. Rods contain more
photopigment than cones, thus they trap more light. In addition, rods amplify their signals
more than cones. Whereas one quanta of light is sufficient to produce a signal from a rod,
about 100 quanta are required to obtain a comparable response from a cone (Fein, 1982).
In addition, rod and cone systems differ considerably in their degree of convergence, a
factor that contributes greatly to their distinct properties. Each rod bipolar cell is contact
with multiple rods, and many bipolar cells are in contact with an amacrine cell.
Alternatively, each cone ganglion cell receives input from only one cone bipolar cell,
which is only contacted by a single cone cell. Convergence makes the rod system a better
detector of light in that the small signals from many rods are pooled to generate a large
response in the bipolar cell. The one-to-one relationship of cones to bipolar and ganglion
cells allows the cone system to maximize acuity. As far as their distribution goes, the
number of rod cells far outnumbers that of cone cells; the ratio of rods to cones is roughly
20 to 1 (Figure 1.5). Cones, however, have a much higher density in the fovea than do
rods. The high density of cone receptors in the fovea, along with their small degree of
convergence allows for very high visual acuity within this region. Moving out of the
fovea, cone density decreases and convergence increases, leading to a marked reduction
in acuity. For the purposes of this color vision study, the fovea would thus be the primary
the area of interest.
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Figure 1.5: Distribution of rods and cones in the retina (Purves, 2001).

D. Trichromacy
A unique property of the cone system is color vision, an ability that allows humans (and
many other animals) to discriminate objects based on the distribution of wavelengths of
light they reflect to the eye. As previously mentioned, there are three types of cones that
differ in the opsin protein in their photopigment molecules. Humans that are trichromatic
have use of all three cones and have ‘normal’ vision. Dichromats, or those with “color
blindness” only have use of two receptors, either green and blue or blue and red. Each
photopigment has a different sensitivity to light of different wavelengths (Figure 1.6).
There are short (S) wavelength, medium (M) wavelength, and long (L) wavelength
receptors that correspond to blue, green and red photoreceptors, respectively.
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Figure 1.6: The absorption spectra for the four photopigments in the normal human retina (Purves,
2001).

The reason they are named as such relates to which wavelength of light excites them the
best. Blue, or S-cone receptors display a peak absorbance at 419 nm; green, or M-cone
receptors, display a peak absorbance at 531 nm; red, or L-cone receptors, display a peak
absorbance at 559 nm. In looking at their relative abundance, we see that there are many
more L- and M- cones than there are S- cones (Figure 1.7). The L- and M- cone pigments
have almost identical amino acid sequences and their genes are located on the Xchromosome (Gegenfurtner, 1999). The gene specifying the S-cone pigment is located on
chromosome 7. The S-cone sequence seems not to vary much in the human population,
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but the M- and L-cone opsin genes come in several hybrid forms, the result of which can
be seen in Figure 1.7.

Figure 1.7: Fovea cone mosaic shown in four different individuals: The ratio of S to L and M cones is
constant but that of L to M cones varies from 1:2.7 (M:L) to 16.5:1 (L:M) (Kolb, 2007).

E. Color Opponent Receptive Fields
Receptive fields are defined as the small area on the retina where light stimulation of the
photoreceptors causes a cell’s response – for example, a change in the firing rate of a
ganglion cell. A ganglion cell responds to light falling on its local receptive field by
generating action potentials, whereas light falling outside the receptive field does not
evoke a response in the cell. Independent experiments by Kuffler and Barlow in 1953
first suggested that, in cats and frogs, the receptive fields were actually divided into two
fields with opposite effects (Valberg, 2005). For instance, if in one cell type a stimulated
central field elicited an excitatory response when light was turned on, this area would be
surrounded by an antagonistic ring that responded with increased firing rate whenever the
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light was turned off. Their discovery of a concentric arrangement of two antagonistic
parts gave rise to the notations of (on, +) and (off, -) cells. This mechanism allows
ganglion cells that are more sensitive to a color to be excited while surrounding cells are
inhibited. It allows the visual system to be more efficient in that it not only records
individual cone responses, but differences between responses of multiple cones. This is
known as opponent color theory, where responses to one color of an opponent channel
are antagonistic to those of the other color (Figure 1.8). The opponent color pairs are
red/green and blue/yellow. Because of the antagonistic behavior, opposite opponent
colors are never perceived together – there is no such thing as “yellowish blue” or
“greenish red” (Malacara, 2002).

Figure 1.8: Color opponency (“Neuro 3 Chapter 6”)
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E. Visual Pathways
Upon reaching ganglion cells in the retina, the signal then travels through a region called
the optic disk and exits the retina via the optic nerve. The optic disk is a region of the
retina where there are no photoreceptors, thus it is known as our “blind spot” (Figure 1.5).
The axons in the optic nerve run straight to the optic chiasm, located at the base of the
diencephalon. Once through the optic chiasm, the ganglion cell axons on each side form
the optic tract (contains fibers from both eyes). The partial crossing of ganglion cell
axons at the optic chiasm allows information from corresponding points on each retina to
be processed by approximately the same cortical site in each hemisphere (Purves, 2001).
The main target for visual information in the diencephalon is the dorsal lateral geniculate
nucleus (LGN), located in the thalamus. From the LGN, the neurons send their axons to
the cerebral cortex, specifically the primary visual (or striate) cortex. This portion of the
cerebral cortex is referred to as Brodmann’s area 17 or V1. The second major target of
retinal ganglion cells is a collection of neurons between the thalamus and midbrain, an
area known as the pretectum. This region is important in that it is the coordinating center
for the pupillary light reflex. Two other targets are the suprachiasmatic nucleus (SCN) of
the hypothalamus, which has function in circadian rhythms, as well as the superior
colliculus in the midbrain, which coordinates head and eye movements. Figure 1.9 is a
visual representation of the location and direction of these pathways within the brain.
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Figure 1.9: Central projections of retinal ganglion cells (Purves, 2001).

The midget and midget-like retinal ganglion cells transmitting signals for “red-green”
color vision are in the parvocellular layers of the LGN, and the S-cone mediating retinal
ganglion cells involved in “blue-yellow” vision go into the koniocellular and
magnocellular layers of the LGN (Kolb, 2007). There is an order to the organization of
these projections to the striate cortex, arranged in columns. Within each of these columns,
there are micro-columns that favor a specific orientation of a light stimulus, known as
“hyper-columns.” Each hypercolumn has an area that receives inputs from chromatic
selective cells, i.e. the S cone on and off cells and the L and M cone midget and midgetlike cells; these areas are called “blobs” and are thought to be where color is processed
(Figure 1.10) (Kolb, 2007).
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Figure 1.10: Pathways of LGN to targets in the striate cortex (Kolb, 2007).

F. Visual Acuity
Visual acuity is the capacity to discriminate the fine details of an object in the field of
view. Good or high visual acuity implies that a subject can discriminate fine detail,
whereas poor or low visual acuity implies that only gross features can be seen. There are
multiple types of acuity tasks to measure the quality of one’s vision including detection,
recognition, localization, and resolution. Detection requires only the perception of the
presence or absence of stimuli, for example stating whether a dot or line is present.
Recognition tasks are those most frequently used in clinical acuity tests and require the
recognition or naming of a target, such as the Snellen letters (Figure 1.11).
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Figure 1.11: Recognition test: Naming the test object, in this case, letters (Snellen) (Kolb, 2007).

Resolution tests are those where the observer must respond to a separation between
elements of a pattern, usually done by finding the smallest angular size at which subjects
can discriminate the separation between a pair of dots, a grating, or a checkerboard
(Figure 1.12).

Figure 1.12: Resolution acuity tests: (a) dots (b) grating (c) checkerboard (Kolb, 2007).

Localization tests look at discrimination of small displacements of one part of the object
with respect to other parts, such as a break or discontinuity. This type of measurement is
called Vernier acuity, where discontinuity is specified in terms of its angular size (Kolb,
2007).

Figure 1.13: Localization acuity test: This is an example of Vernier acuity (Kolb, 2007).
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Factors impacting visual acuity include the refractive error, size of the pupil, intensity of
the light stimulus, contrast of test object to background, stimulus duration, state of
adaptation, and eye movements. Refractive errors refer to those that cause defocus at the
retina, such as myopia (near-sightedness) and hyperopia (far-sightedness). Both of these
conditions affect the point spread function, or the response of the eyes to a point source
or point object. As seen in Figure 1.14 (d), corrective lenses can fix these defects.

Figure 1.14: Point spread function (PSF) at the back of the eye with different refractive errors (Kolb,
2007).

Astigmatism is another defect that impairs point spread function in that the individual
sees a distorted image due to the uneven curvature of the retina, a condition that is also
treatable with corrective lenses. The reason that the fovea is the location optimized for
high visual acuity is that at this point, there are the fewest distortions in the lens. Once
focus has been achieved, features of the neural pathways associated with vision will be
responsible for acuity.
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F. Gender Differences in Color Vision Discrimination
As mentioned in section 1.D, the genes for pigment in L- and M- cones are located on the
X-chromosome, and the gene specifying the S-cone pigment is located on chromosome 7.
It is also known that color blindness is inherited as a sex-linked characteristic and is
observed in about 8% of the male population, and a much smaller percentage (<1%) in
females (Rodríguez, 2008). Jeremy Nathans and others at John Hopkins University
identified and sequenced the genes encoding for the three cone pigments, providing the
world with insight as to the inheritance of color deficiencies. They found that that the
genes that encode red (L) and green (M) pigments show a high degree of sequence
homology and are located adjacent to each other on the X-chromosome, thus explaining
the prevalence of color blindness in males (Figure 1.15). These discoveries suggest that
red and green pigment genes evolved more recently, potentially as a result of the
duplication of a single ancestral gene (Kolb, 2007). They also explain why the majority
of color vision abnormalities involve the red and green cone pigments.

Figure 1.15: Deficiencies in color vision as a result of genetic alterations (Kolb, 2007).

Also, approximately 15% of women are heterozygote carriers where they inherit an Xchromosome carrying an abnormal L-M array from one parent and X-chromosome
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carrying an abnormal L-M array from the other. Due to random X-chromosome
inactivation, one of their two X-chromosomes is transcriptionally silenced in each L-M
cone cell. These carriers may partly share the color-defect, resulting from a loss of
normal photopigment genes on one of their X-chromosomes. In the case of a L-M hybrid
or abnormal photopigment on one of their X-chromosomes, they may even benefit from
the presence of a fourth expressed cone pigment (Rodríguez, 2008). The potential for
females to posses a fourth photoreceptor, along with the male predisposition to
colorblindness due to their single X-chromosome, might imply that females may have
better color discriminating abilities than their male counterparts.
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2. Materials and Methods
A. Subjects and Pre-tests
The students that participated in this experiment were all undergraduates from the
University of Maine, from age 18 to 23 years old. Most of the participants were students
in Dr. Leonard Kass’ Anatomy and Physiology (BIO 208), Medical Physiology (BIO
377) and Neurobiology (BIO 474) classes, where the students received extra credit for
participating. Upon arriving to lab (Murray 104a), subjects were asked to read an
Informed Consent form and verbally commit to further participation. After agreeing,
individuals signed in and received a subject number, so as to promote confidentiality.
Subsequently, a series of pre-tests were performed and the subject was also asked to fill
out a confidential questionnaire. The pre-tests were as follows: Astigmatism tests (grid
and radial), Ishihara Colorblindness test, and the Landolt C test. The confidential
questionnaire asks questions regarding age, gender, vision impairments, skin type, and
other personal information. Most, but not all, of the information provided by pre-tests and
the confidential questionnaire was used to select a subset of 18 male and 18 female
subjects for analysis.

B. Experimental Setup
Upon completing the preliminary tests, subjects then entered a separate computer room
where the actual experiment took place. The subjects sat in a computer chair positioned
12 feet from the flat screen monitor (Figure 2.1). On the desk in front of the subject were
a keyboard, a mouse, and a sheet of paper with instructions for running the computer
program.
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Figure 2.1: The experimental station

The experimenter explained the program to the subject, going through step by step. The
experimenter then took the subject through a short practice run, after which the subject
indicated whether he or she fully understood the program. If the subject had no other
questions, the experimenter turned off the lights, shut the door and left the room. The
following is an example of how the experimenter might explain the program to the
subject:
“In this experiment, you will see a box located in the center of the screen in which
one of the sides (either left or right), will appear broken. You will use the left and
right arrow keys to indicate on which side you think the opening is, and you will
have a few seconds to do so. After a couple seconds without response you will
hear a sound, and at this point we ask that you at least make your best guess even
if you aren’t sure which is the broken side. You will see several colors in both the
color of the box and the background color, all interchanged with each other. Upon
completion of this short practice run, there will be four additional trials that will
be longer in length – it should take around a half an hour to complete them all.
After the practice run, I will help get you started for the first real trial and then
leave you to it. At that point, I will turn off the lights and close the door. If you
need to refer to the directions at any point, please use this flashlight provided. In
addition, feel free to take a break and leave the room in between trials if you need
to. Are you ready to begin?”
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Following completion of the computer experiment, the subject is asked to sit down and
complete a short post-test survey. Questions involved colors seen on the screen,
perception of movement or blurriness, any problems associated with the program, etc.

C. Experimental Design
The program utilized for these experiments was created by Mike Murphy (of Sensory
Cyber Systems LLC; Orono, ME), who has produced programs in the past for Dr. Kass’
vision studies. This new software program uses an “open door” in which a centrally
located square is broken on either the left or right side (Figure 2.2). There are a number
of variables that could be manipulated in order to fulfill the needs of various experiments.
In this experiment, the size of the opening of the box was manipulated, as well as the
color of the box, the color of the background, and the side on which the box is open. The
color of the box refers to the color of the lines of the box, not the fill-in color of the box.
The size of the opening of the box ranged from 1-6 pixels wide. The colors used for both
the box and the background were grey, black, yellow, green, and red. As for side on
which the opening is located, the choices were either left or right.
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Figure 2.2: Example of the open door as seen in the computer program. “YoG” indicates a yellow
box on a green background; “XoA” indicates a black box on a grey background. Arrows point to
opening.

The intensity of the light emitted from the entire LED monitor was consistent between
colors (except black), as varying intensities (number of photons) would impact the
accuracy of the results. A photodiode and a voltmeter were used to measure intensities of
different colors on the LED screen, and was the mechanism that allowed these intensities
to be matched. If intensity were not monitored, we wouldn’t know whether a subject had
better acuity with red, for example, over green, if the red color emitted from the monitor
was a higher intensity. This uniformity in color intensity is very important in forcing
subjects to distinguish between color differences rather than intensity differences.
Subjects had four seconds to make their selection (either left or right) using the left and
right arrow keys on the keyboard. After three seconds, a warning noise was issued, at
which time subjects were instructed to make their best guess, even if they weren’t sure
which side was open. The purpose of this is to impose a forced choice; theoretically a
subject shouldn’t have acuity of lower than 50% (correct responses) for any color
combination, because guessing either left or right provides a 50/50 chance of being right.
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This is to be discussed in greater detail in later sections. If the subject correctly chose the
broken side, the response would be recorded as “true.” If the subject incorrectly chose the
broken side, the response would be recorded as “false.” If the subject provided no
response, it would be recorded as “false” as well. This happened very rarely, and if the
subject didn’t respond after four seconds, it is likely he or she couldn’t tell which side
was broken anyway. The program also measures how long it took subjects to respond, so
a no response would appear as “false” with a 4.0 second response time. A false response
in which the subjects made the incorrect choice would appear as “false” with a response
time less than 4.0 seconds.
In my open door experiment, I used 14 different color combinations that were divided
into four sections. All color combinations of red, yellow, green and grey were used (12
combinations), as well as both combinations for grey and black (2 combinations.) Thus,
the combinations were: red on yellow (RoY), yellow on red (YoR), red on green (RoG),
green on red (GoR), yellow on green (YoG), green on yellow (GoY), grey on yellow
(AoY), yellow on grey (YoA), grey on red (AoR), red on grey (RoA), grey on green
(AoG), green on grey (GoA), grey on black (AoX), and black on grey (XoA). The word
“trial” will be used to designate one four-second screen in which one color is displayed
on another. For each of the fourteen color combinations, there were two left and two right
trials, and also six different pixel widths (1-6 pixels) for each. Thus, there were 336 trials
in total (14 color combos × 2 left × 2 right × 6 pixel widths) requiring about 32 minutes
of subject time in front of the computer screen responding to visual challenges. This 32
minutes was divided into four sections (~8 minutes each) so as to prevent fatigue from
impacting the results.
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As stated previously, a forced choice is imposed on the subject to allow for proper
analysis of results. A score of 50% or less for acuity for a color combination is
interpreted as an inability to distinguish the correct broken side at a given pixel width, for
a specific color combination. A score of 100% for acuity for a color combination
indicates that the subject could distinguish the correct side of the box opening every time,
at a given pixel width and color combination. The halfway point between these two
points would be at 75%, and this is the point at which I define acuity. I will refer to 75%
point as the “inflection point”, the point at which the subject is able to distinguish
between colors. An inflection point that lies between 1-3 pixel widths would be
considered as high acuity, whereas an inflection point that lies between 4-6 pixel widths
would be considered as low acuity.

D. Does Color Acuity Differ Depending on Which Color is in the Foreground
vs. Background?
A major difference between the open door experiments and previous grating studies is the
idea of “foreground” and “background” colors. With the gratings, both colors were
represented in equal amounts in a pattern, so there was no way to establish one as being
the foreground color or the background color. In this open door study, we did have the
ability to make this distinction. We shall call the color of the box the foreground, and the
color of surrounding area the background. As mentioned previously, a “RoY” designation
would indicate a red box over a yellow background. As subjects were presented with
“RoY” and “YoR”, an interesting question arises in asking if there are any differences
between the two. Of course, this was done for all colors, not just red and yellow.
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In creating these graphs, I found that there really were no significant differences to be
observed between the two orientations, for all colors. Originally, the plan was to use
these graphs and analyze them in the results. However, these graphs were less smooth
than expected – a little “noisier.” To promote validity and accuracy of the results, I
decided to combine the data for the two graphs for each color, and create one graph for
each. For example, in combining RoY and YoR, the new designation for this graph I
made R&Y. It is important to make this distinction because of the comparison to previous
grating studies, where the designation “RoY” was used rather than “R&Y”. Although it
makes more sense to me to use the designation “R&Y” if there is no clear foreground or
background color, it was nevertheless at the author’s discretion to designate her graphs as
she saw fit. I was pleased to see that averaging the two individual graphs for each color
combination proved to reveal a more interpretable curve – that is, one that is smoother
and is able to provide a better estimate of the inflection point.

E. Criteria for Selection of 36 Comparable Subjects
In order to analyze and make conclusions about the subjects color acuities, I first had to
ensure that they all were nearly identical for their black and white acuities. In order to do
so, I used the data that the Landolt C acuity test provided. From the Landolt C data, I
calculated an acuity number for each subject. This number is calculated using the correct
percentages for each line of the test. The highest line at which a subject receives a 100%
score indicates the number to the left of the decimal point, and the percent correct on the
line immediately following represents the number to the right of the decimal point. For
example, if a subject guessed 12/12 (100%) on the fifth row and 7/12 (58%) correctly on
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the sixth row, the subject’s acuity number would be 5.58. Males and females were
selected so that both had similar acuity range and average (Table 2.1). This allows for
analysis of color acuity because theoretically, the subjects should have the same acuity
scores if only presented with black and white open doors. Thus, individual differences
should only be attributed to differences in color-distinguishing capabilities.

Gender
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

Age
21
23
21
21
21
20
20
19
18
19
22
18
20
18
19
20
22
21

Acuity
Number
5.92
5.75
6
5.92
5.58
4.92
4.92
5.83
4.92
4.92
5.92
5.83
6
5.83
5.92
5.25
5.58
5.5

Gender
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

Age
21
20
19
19
20
20
19
19
20
22
23
20
18
21
21
18
21
20

Acuity
Number
4.92
5.33
5.92
5.92
5.83
4.92
5.83
5.83
5.83
5.5
5
5.83
5.92
5.67
4.92
6
5.83
5.75

Average
Range

20.17
18-23

5.58
4.92-6.0

Average
Range

20.06
18-23

5.60
4.92-6.0

Table 2.1: Male and female acuity and age data for all 36 subjects
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F. Statistical Analysis
Microsoft Excel was the computational tool used to complete the statistical analysis of all
the data. Tables 3.1, 3.3, 3.4, 3.5, 3.6, 3.7, and 3.8 display the p-values of all of the data
contained in the graph above each. The first three tables are comprised of p-values
obtained by running paired, two-tailed t-tests as the arrays used in this data were from
one subject group (either all subjects, males, or females).
The next four tables are for each of the male versus female graphs, one for each color
combination. The data here was obtained by running two-sample equal variance twotailed t-tests, as the arrays used in this data were from two different subject groups.

26	
  

3. Results
A. Differences in Color Acuities for All Subjects
Figure 3.1 displays the average acuities for all subjects and for all color combinations
analyzed: XoA, R&G, R&Y, and G&Y. Each line represents one of these color
combinations, where R=red, G=green, Y=yellow, X=black, and A=grey. In order to see if
there was a significant difference between the average percent correct responses, error
bars were added to each line to show the standard error for each point on the graph.
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Figure 3.1: Differences in color acuities for all subjects
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P-values for All Subjects
(t-test)
XoA/R&G
XoA/R&Y
Color
XoA/G&Y
Combination R&G/R&Y
R&G/G&Y
R&Y/G&Y

Pixel Width
4
5
0.037
0.101
<.001
<.001
<.001
<.001
0.045
<.001
0.008
<.001
0.833
0.405

3
0.963
0.035
0.004
0.019
<.001
0.264

6
0.028
<.001
<.001
0.002
<.001
0.372

Table 3.1: Human p-values for all color combinations at the 3rd, 4th, 5th, and 6th pixel. Bold numbers
indicate statistically significant p-values (p<.05).

In looking at the graph as a whole, we see that they all do follow an upward trend from
about 50% (random chance) toward the inflection point (75%), and some past that.
Ideally, all of the lines should have made it to the 100% mark at least at 6 pixels, but they
did not. The reason for the subjects’ difficulty in reaching this point is to be discussed in
the next section. As for the individual color combinations, the graph shows that subjects
had a much harder time distinguishing color combinations that included the color yellow.
Both the black on grey (XoA) and red and green (R&G) graphs did make it to the
inflection point, which was between 3 and 4 pixels for both. Subjects showed the highest
acuity when exposed to the black on grey (XoA) color combination, and the poorest
acuity when exposed to the green and yellow (G&Y) color combinations. Note that the
stand error of the color combinations involving yellow do not overlap with those for XoA
and R&G at 2, 3, 4, 5 and 6 pixels.

XoA
G&Y
R&G
R&Y

Estimated Inflection Points (75%)
Humans
Males
Females
3.03
2.40
3.65
7.10
6.20*
8.00*
3.70
2.90
4.50
6.33
5.65
7.00*

Table 3.2: Inflection points for all subjects and all color combinations
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Table 3.1 above presents the inflection points for humans as a whole, as well as for males
and females separately for all color combinations analyzed. The asterisk indicates
inflection points that were not present on the graph as is; the values were calculated based
on the extrapolation of the line between pixel 5 and pixel 6. These extrapolations are not
shown on the graphs so as to keep the graphs visually looking similar. Also, keeping the
graphs as is makes it clear that subjects had a difficult time with particular color
combinations when the lines reach the inflection point. In looking at the color
combinations mixed with yellow, we can see that the inflection point for these are about
doubled as compared to combinations without yellow. Subjects experienced the most
difficulty when discriminating green and yellow (G&Y), with the average inflection point
for humans being 7.10. The inflection points for humans as a whole were calculated by
averaging the male and female inflection points. Black on grey (XoA) showed the highest
acuity, which makes sense in that black had a higher intensity than the others. All of the
other colors were measured to have the same intensity, but obviously black could not and
was included to act as more of a reference (this study investigates color vision
specifically).

B. Differences in Color Acuities for Male Subjects
Figure 3.2 looks at the differences in responses for the 18 male subjects for all color
combinations that were analyzed. Again, the error bars are shown to depict the standard
error at each pixel width. Males showed a decreased ability to discriminate yellow color
combinations, as seen at pixels 3, 4, and 5 where the stand error bars do not overlap with
those of other colors above it. They displayed the lowest acuity when discriminating

29	
  

green and yellow (G&Y) color combinations, and the highest for black on grey (XoA).
Note that the for the green and yellow (G&Y) line, males did not reach the 75%
inflection point (at the 6 pixels maximum tested), indicating that they experienced great
difficulty with discrimination of this color combination.
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Figure 3.2: Differences in color acuities for male subjects
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P-values for Males
(t-test)
XoA/R&G
XoA/R&Y
Color
XoA/G&Y
Combination R&G/R&Y
R&G/G&Y
R&Y/G&Y

Pixel Width
3
0.542
0.045
0.004
0.088
0.001
0.277

4
0.118
<.001
<.001
0.054
0.108
0.601

5
0.863
0.017
0.018
0.022
0.006
0.302

6
0.148
0.011
0.003
0.233
0.119
0.532

Table 3.3: Male p-values for all color combinations at the 3rd, 4th, 5th, and 6th pixel. Bold numbers
indicate statistically significant p-values (p<.05).
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C. Differences in Color Acuities for Female Subjects
Figure 3.3 illustrates the differences in color acuities for all 18 female subjects and for all
color combinations analyzed. The standard error bars are shown for all pixel widths and
all color combinations. At pixels 2, 5 and 6, we see that the error bars do not overlap for
both combinations with yellow. In fact, those two lines are significantly less steep than
the other two – neither line comes very close to the 75% inflection point.
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Figure 3.3: Differences in color acuities for female subjects

32	
  

5	
  

6	
  

P-values for Females
(t-test)
XoA/R&G
XoA/R&Y
Color
XoA/G&Y
Combination R&G/R&Y
R&G/G&Y
R&Y/G&Y

Pixel Width
3
0.617
0.363
0.249
0.122
0.004
0.686

4
0.186
0.020
0.005
0.409
0.022
0.443

5
0.046
<.001
<.001
0.002
0.009
0.874

6
0.073
<.001
<.001
0.003
<.001
0.539

Table 3.4: Female p-values for all color combinations at the 3rd, 4th, 5th, and 6th pixel. Bold numbers
indicate statistically significant p-values (p<.05).

As with males, we see again that black on grey (XoA) shows the highest acuity and that
red and green (R&G) is slightly behind it. The order of color combinations, from highest
to lowest acuity, is identical for both males and females and is as follows: XoA, R&G,
R&Y, G&Y.

D. Differences in Color Acuities Between Males and Females
Figures 3.4, 3.5, 3.6 and 3.7 illustrate the averaged differences in color acuities between
the 18 males and 18 females in this study. Each graph is a comparison of color acuities
for one color combination; thus there are four graphs for each combination analyzed.
The standard error bars are displayed on each graph for each line and at each pixel. As
mentioned previously, males exhibited superior acuity for every color combination
analyzed. This is apparent in looking at the dotted inflection point line, where the male
line is to the left of the female line every time (indicating that they maintained acuity at a
smaller opening than did females). Both genders displayed very poor acuity for the graph
of green and yellow (G&Y), where neither reached the dotted inflection point line.
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Figure 3.4: Males display superior color discrimination for black on grey

XoA
(t-test)
P-values

Pixel Width
3
0.087

4
0.029

5
0.286

6
0.944

Table 3.5: P-values for the color combination XoA between males and females at the 3rd, 4th, 5th, and
6th pixel. Bold numbers indicate statistically significant p-values (p<.05).
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Figure 3.5: Males display superior color discrimination for red and green combinations

R&G
(t-test)
P-values

Pixel Width
3
0.196

4
0.147

5
0.756

6
0.694

Table 3.6: P-values for the color combination R&G between males and females at the 3rd, 4th, 5th, and
6th pixel. Bold numbers indicate statistically significant p-values (p<.05).
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Figure 3.6: Males display superior color discrimination for green and yellow combinations

G&Y
(t-test)
P-values

Pixel Width
3
0.882

4
0.190

5
0.634

6
0.218

Table 3.7: P-values for the color combination G&Y between males and females at the 3rd, 4th, 5th, and
6th pixel. Bold numbers indicate statistically significant p-values (p<.05).
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Figure 3.7: Males show superior color discrimination for red and yellow combinations

R&Y
(t-test)
P-values

Pixel Width
3
0.294

4
0.819

5
0.323

6
0.274

Table 3.8: P-values for the color combination R&Y between males and females at the 3rd, 4th, 5th, and
6th pixel. Bold numbers indicate statistically significant p-values (p<.05).
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4. Discussion
The idea of an “open door” vision test for acuity is a new concept and, to our
knowledge, has not been done before using pixel width of the open door as a measure of
visual acuity. The results may indicate average differences in visual acuity for different
color combinations for males, females, and all subjects combined, however, I am not
claiming that such average differences were shown to be statistically significant. The
graphs and infection point data showed that male color discrimination was slightly better,
although the t-tests showed only one significant value. Although the number of subjects
was somewhat few, the results may prove to be meaningful and provide a basis for future
experiments. One of the first questions asked was, “Does/will the open door experiment
work for determining color acuity?” The answer to this question is yes, with a few
caveats. In addition, we asked, “Does this experiment have the potential for clinical
application?” The answer to this question, provided the caveats are addressed, is yes. This
experiment is potentially indifferent to differences in language or literacy in populations
across the world – it is a simple solution to finding a universal acuity test that may easily
be implemented by use of computers. In looking at these caveats mentioned previously, I
will suggest changes that will likely provide for an improved experiment with clearer
results. Additionally, I will address these male/female differences in color acuity and
offer potential mechanisms for these differences.

A. Is the Open Door Experiment Comparable to Previous Grid Studies?
Prior to the open door experiments taking place, experiments similar in theory were
conducted by use of alternating-color grid lines. Also using a computer software program,
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these studies consisted of grating patterns oriented either vertically or horizontally and
varied in the number of pixels that formed the line widths. Subjects were asked to
identify whether they saw vertical or horizontal lines, their responses of which were
recorded by the computer. A slightly smaller study (12 males and 12 females), the results
showed that both genders showed significantly lower acuities to green and yellow lines
when compared with red and yellow lines. Below is a graph from this study that shows
the poor acuity with yellow and green (Figure 4.1).

Figure 4.1: Previous grating study in which females showed a significant decline in acuity when
presented with green and yellow lines (Buckless, 2012).

The graph of male color acuities for the grating study (not pictured) also showed a similar
pattern in which the inflection point for the GoY line was much higher than that of both
RoG and RoY. Compared to the graph in Figure 3., it is clear that both show the same

39	
  

pattern of poor yellow/green color acuity. In addition, males showed better color acuity
for all color-combinations, just as they did in this open door experiment (Table 4.1). In
the grating studies, however, discrimination between grey and black for males was
slightly better than that of females.

AoX
RoG
RoY
GoY

Pixel Width at Inflection Point (75% correct)
Overall
Males
Females
Mean
Standard Mean Standard
Mean
Standard
Error
Error
Error
2.42
±0.137
2.53
±0.194
2.3
±0.194
2.32
±0.207
1.95
±0.293
2.69
±0.293
2.165
±0.152
2.08
±0.215
2.25
±0.215
2.73
±0.199
2.875
±0.282
3.58
±0.282

Table 4.1: Inflection point values for previous grid study (Buckless, 2012).

Comparing this table to Table 3.1 in the previous section, we see that both studies show a
male superiority in color acuity.

Based on the results discussed above, it can be asserted that these two studies, open door
and grating, are comparable. There certainly is an observed difference in inflection points
to be noted between the two studies; subjects had a much harder time with color acuity in
this open door experiment compared to the previous grating study. The open door
experiment might have been more challenging in that it was almost a hybrid experiment
that combined both resolution and localization, both types of acuity tests discussed in the
first section. To refresh, resolution tests are those where the observer must respond to a
separation between elements of a pattern, usually done by finding the smallest angular
size at which subjects can discriminate the separation between a pair of dots, a grating, or
a checkerboard (Figure 1.12). The grating study is an example of a resolution test.
Localization tests look at discrimination of small displacements of one part of the object
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with respect to other parts, such as a break or discontinuity. The open door experiment is
a combination of these two in that it does find the smallest size of pixel at which subjects
can discriminate a separation, but it also involves locating where a break or discontinuity
occurs as well. Adding this second aspect to the open door experiment might have made
it more challenging, which is why the inflection points are much higher. The preliminary
experiments that were conducted did not show this difficulty, and they tested for both
XoA and YoG. Fixing this issue will be addressed in a later section in discussing future
experiments.

B. Analysis of Statistics
In looking at Table 3.1 (all subjects – all colors), we see that all of the p-values are
significant when a non-yellow color combination is compared to a yellow combination.
This indicates that there is a significant difference with acuity involving yellow
combinations compared to others. Data in Table 3.3 (males – all colors) and Table 3.4
(females – all colors) substantiates this claim; again many of the p-values are significant
when comparing non-yellow color combinations to yellow combinations. In addition,
there wasn’t a single p-value that was significant in any of these first three tables when
comparing R&Y to G&Y. This shows that subjects didn’t show any differences in acuity
when comparing yellow combinations.
There was only one significant p-value at the 4th pixel for the XoA graph – the rest were
not significant. This would indicate that there was not a significant difference between
male and female responses. It’s important to keep in mind that this a pilot study, and
results do not always show what we expect when they are the first of their kind. However,
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I do think there is something to be said about males consistently performing better than
females, even if the difference was not much.

C. Subject Fatigue During Experiment
In efforts to promote accuracy and validity of the study, the computer experiment was
divided into four sections, with subjects able to take breaks in between each. However,
this did not necessarily ensure that fatigue would not be an issue. For this reason, further
analysis was necessary. To look at the effects of fatigue, I looked at the last 12 trials of
the 2nd and 4th sections, which were identical in order and composition. Theoretically,
subjects should have responded the same in the last 12 trials of each. Specifically, I
looked at the percent correct of these last 12 trials in each section. I calculated these
percentages both at the end of the 2nd section and the end of the 4th section.

I found that fatigue was not an issue in this experiment; on average, the percent correct
responses decreased by only 3.47% for all subjects. In looking more closely at the data,
14 subjects showed an increase in correct percentage from the 2nd to 4th section, 16
subjects showed a decrease in correct percentage from the 2nd to 4th section, and 5
showed no change. This tells us that there could not have been fatigue that impacted the
subjects in a negative way, as roughly half the subjects showed in increase in correct
percentages as the experiment went on.
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D. Do Males and Females Show Differences in Color Acuity?
In looking at the results of this study, it seems that there might not be significant
differences in color acuity between males and females. If anything, these differences
might only be slight. However, previous studies before this one have shown that males
demonstrate better color acuity than females. In looking at why this might be so, many
researchers have agreed that the answer to this question involves going back to the very
beginning of human existence. The so-called hunter-gatherer hypothesis (Silverman,
1992) argues that the sexes evolved distinct psychological abilities to fit their prehistoric
roles. Males or “hunters”, generally being larger and stronger, had to detect predators
and/or prey from afar and also had to do so in largely green environments. Thus, men
developed a better ability for fine detail and rapidly moving stimuli from the need to
judge the speed and orientation of these predators and prey around them. Conversely,
women or “gatherers” had to take care of children and forage for smaller, herbaceous
food items such as berries. As a result, they developed a better ability to recognize
objects that were static and close at hand. But, when it comes to noticing subtle
differences among shades of a color, women do tend to come out on top. This could be
attributed to their role in care giving, where they were required to detect these subtle
changes in the faces of their young (in terms of emotion and health) (Abramov, 2012).
Evidence for this “hunter-gatherer” hypothesis is demonstrated in studies of visuo-spatial
abilities of existing hunter-gatherers where a large meta-analysis showed that in general,
males performed better than females (Voyer, 1995). Experiments conducted by Abramov
and his team sampled the visual system’s contrast-sensitivity function (CSF) by using
grating stimuli on a computer screen and measuring 6 spatial frequencies at 5 different
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temporal rates. They showed that males have “significantly greater sensitivity for fine
detail and for rapidly moving stimuli”, which also supports the “hunter-gatherer”
hypothesis.

In terms of physiological differences, sex differences have been found in almost all
sensory functions including auditory, olfaction, and taste. Females have been found to
have superior ability than males in other senses, which may be attributed to the
masculinizing effects of androgens. Gonadal steroid hormones may be the basis for these
sex differences according to studies with monkeys and rats. In rhesus monkeys, many
androgen receptors are found on neurons throughout the cerebral cortex, including the
visual cortex (Clark, 1988). There are similar findings in rats, in which males have more
androgen receptors than females, and they are especially abundant in the primary visual
cortex (Nunez, 2003). Recently, a review has reiterated these findings and asserted that in
both humans and rats the largest concentration of androgen receptors in the forebrain is in
the cerebral cortex rather than the hypothalamic and limbic areas associated with
reproduction (DonCarlos, 2006). In addition, in rats it is the androgens, and not estrogen,
that directly affect the development of the visual cortex. Early post-natal apoptosis (celldeath) of the visual cortex is reduced by androgens; as a result males have 20% more
neurons in the visual cortex (Nunez, 2000). They found that this effect is androgenspecific by exposing some female rats to androgens and others to estrogen during early
development. They found that early exposure to estrogen did not inhibit post-natal
apoptosis (Nunez, 2001). In addition to differences at the hormonal level, we see
differences at the retinal level as well. The macula is an oval-shaped, highly pigmented
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yellow spot at the center of the retina, with the fovea being at the center. Macular
pigment density not only differs considerably between observers but also between males
and females, with males having on average 38% greater macular pigment density than
females (Hammond, 1996). Macular pigment predominantly affects short-wavelength
absorption, but may play a more subtle role when metameric colors (i.e., computer
screens) are used instead of spectral lights (as in the case of this study).

E. Why Are There Color-Specific Differences in Human Visual Acuity?
As mentioned in the introduction, there are large differences in the composition in the
fovea cone mosaic between individuals. The arrangement of cones appears to follow no
pattern or trend in looking at several images of the fovea, and in addition the ratios of Land M-cones to S-cones varies significantly from person to person (Figure 4.2). The
simple fact that the ratio of L to M cones is inconsistent from person to person is enough
information to deduce that our color acuities cannot possibly be perfectly equal. In
addition, we have a substantially lower proportion of S-cones than L- and M-cones,
indicating that we likely have poorer vision when discriminating blue colors. Although I
didn’t specifically look at the color blue in this study, I would predict that we would have
more difficulty with blue color vision.
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Figure 4.2: The arrangement of L (red), M (green), and S (blue) cones in the retinas of different
human subjects (Hofer, 2005).

In looking past the retina, there is evidence that there are other opportunities for
individual differences to come into play. Mechanisms that determine hue and saturation
are cortical, meaning that the neuronal inputs from the thalamus have to be rearranged
and re-combined, much of which may take place in the primary visual cortex (Shapley,
2002). However, the complete recombination is likely done in multiple stages: one piece
of evidence supporting this assertion is from an individual who had severe
dyschromatopsia (colors severely washed out and difficult to identify), but without loss
of color discrimination (Victor, 1989). Moreover, color appearance likely includes
several cortical areas beyond the occipital lobe. According to a study by Zeki and Marini,
they found that there are three broad cortical stages of color processing in the human
brain. The first is based on V1 and possibly V2 and is concerned primarily with
registering the presence and intensity of different wavelengths. The second stage is based
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on V4 and is concerned with automatic color constancy operations, without regard to
memory, judgment and learning. The third stage, based on the inferior temporal and
frontal cortex, is more concerned with object colors (Zeki, 1998). Thus, we see that
individual differences may not only occur at the retina, the LGN, and the visual cortex,
but beyond that as well.

F. Poor Yellow Discrimination as a Result of Opponent Receptive Fields
As mentioned previously, the opponent-process theory is thought to play a role in color
perception and thus may be responsible for differences in acuity when subjects were
presented with color combinations of the two pairs, red/green and blue/yellow. The
receptive fields of ganglion cells innervated by these cones have a center-surround
organization (just as do those innervated by rods) that is said to be color opponent
(Wyszecki, 1982). Clearly, color-opponent fields may increase our perception of color
contrast just as on/off fields increase our perception of light-dark contrast. Because there
are no yellow cones, the blue-yellow mechanism presumably depends on information
from both red and green cones, and compared to information from blue cones. As we saw
in the results, subjects had difficulty when discriminating with yellow color combinations.
Red and green acuity was quite good for subjects, nearly as high as the black/grey acuity.
This might be because of the opponent receptive fields that allowed an enhanced
perception and supplied the visual system with more information about the stimuli they
presented. Unfortunately, time did not permit the analysis of blue color combinations, but
I predict that the acuities for blue/yellow combinations would be as high as those for
red/green combinations. The antagonistic properties of the red/green color combinations
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allowed for superior acuity, whereas yellow combinations did not have this added
property when combined with red and green colors.

G. Additional Analysis and Future Experiments
Being that this open door experiment is a pilot study, there are a lot of modifications and
supplemental experiments that could take place to delve more deeply into the topic of
color acuities in humans. The results have provided a means for others to ask questions of
their own and propose additional studies related to this one. Provided there were more
time for me to conduct further experimentation and analyses, I would like to accomplish
a number of things. First, I would like to complete the analysis for all color combinations.
That is, I would like to look at color combinations with blue, as well as combinations of
all the colors with both black and grey. Next, I would like to conduct a replica of the
experiment with the following stipulation – that the distance between the subject’s eyes
and the computer screen be shortened by a foot or two. As seen in the results section,
colors combined with yellow showed poor discrimination, and at times didn’t even reach
the 75% inflection point. Decreasing the distance by a foot or two would likely move the
inflection point up a pixel or two, allowing for a smoother “S” curve. In addition, I would
probably do more extensive preliminary testing with more subjects, just to ensure that
these changes would create the desired effect. Another way to solve this issue would be
to modify the computer program so that the subjects are presented with a specific color
combination until they reach the 75% inflection point. Also, I think that doubling the
number of trials per color combination would improve the clarity of the results. In this
experiment, for each color combination there were 2 left × 2 right × 6 pixel widths = 24
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trials. If this experiment were replicated, I would have at least 4 right and 4 left for each
of the six pixel widths. Doubling these numbers would obviously make the experiment
longer, so it might be required that the number of colors compared in the study be
lessened. This might be beneficial anyway, as it would allow for a more in-depth analysis
of fewer color combinations. Ideally, as with most experiments, I’d like to have a larger
subject pool as well. For some reason in Dr. Kass’s classes (from which the subject pool
is drawn from) about three times more females volunteer than males; this shortage of
male subjects limits the amount of female subjects in order to maintain balance within the
study. These are the caveats that were mentioned previously – provided that they are
addressed and the appropriate changes are made, I believe future experiments would
show even stronger, clearer results.
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